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Abstract
Based on acyl-Co(CO)3L (L = phosphine or CO) catalyzed copolymerization of CO
and aziridinelN-alkylaziridine that our group developed for the synthesis ofpoly(P-
alanine) and poly(p-alanoid)s, this study focuses on the synthesis ofpoly(p-alanoid)s. that
are the precursors of potential antimicrobial polymers. Homopolymerization ofN-(3-
aminopropyl)aziridine and CO has been successfully realized using CH3COCo(COhP(0-
tolyl)3 as the catalyst. The homopolymerization reaction proceeded smoothly in nearly
quantitative yield. The resulting polymer has a narrow polydispersity. In addition, a
polymer, featuring hydrophobic repeating units and protected amine-containing repeating
units in the backbone as a precursor of the potential antimicrobial polymers, was readily
synthesized through the copolymerization ofN-(3-aminopropyl)aziridine, N-n-
butylaziridine and carbon monoxide in the presence ofCH3COCo(COhP(0-tolylh. The
structures of the monomers and polymers have been characterized by IH NMR. The
molecular weights and polydispersity indices were determined by gel-permeation
chromatography (GPC) with polystyrene as the standard.
Introduction
Proteins and natural polypeptides are polymers of a-amino acids linked together
through amide bonds in a well defined sequence, which characterizes their primary
structure. They fold into well-defined three-dimensional secondary, tertiary, and
quaternary structures via the intra- and intermolecular interactions between the functional
groups of the residual amino acids. l It has been demonstrated that the formation of those
three-dimensional structures are essential to their unique biological activities such as the
extremely selective and quantitative catalytic and mechanical performances.
It was once thought that proteins composed of a-amino acids are the only
molecules, which have the ability to fold into well-defined 3D structures. f}-Peptides,
which are composed of f}-amino acids, have an additional methylene unit compared to
natural peptides. Hence, it seems that it is less possible for f}-peptides to be able to fold
into well-defined 3D structures because these additional freely rotating C-C (J bonds
would decrease their abilities to adopt ordered solution conformations compared to a-
peptides (natural proteins). However, it has been demonstrated in recent years that a
variety of oligomers are able to adopt secondary structures, including but not limited to
peptoids,2 p-peptides,3 y-peptides,4 and 8-peptides.5 These synthetic polymers provide us
the chances to investigate the rules of protein folding and structural stabilization. In
particular, it could provide critical infonnation in rational design ofbiomimetic structures
with practical applications in areas of catalysis, materials, and phannaceutics.
In general, strategies for the synthesis of polypeptides can be divided into three
classes. TIley are solid-phase s)l1thesis,(i protein engineering, 7 and ring-opening
2
polymerization.8 The formation of small and medium-sized poly(p-peptides) can be
realized through solid-phase peptide synthesis (SPPS) (Scheme 1). However, it is a
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Scheme 1. Solid-phase peptide synthesis
multistep procedure that results in low yield and purification problems when the chain
length increases. Protein engineering is a young discipline, with much research currently
taking place for the understanding of the pathway of protein folding (proteomics), protein
recognition, and protein design. It has become a very attractive method for preparation of
poly(p-peptides) in recent years because of its ability to produce high molecular weight
polypeptides with precisely defined primary structure (Scheme 2). However, it has to be
carried out at very strict conditions because enzyme is used. Both of these two methods
have some drawbacks, including time-consuming, expensive, and sometimes inability to
provide high molecular weight polymer. Polypeptides can also be synthesized through
3
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Scheme 2. Biosynthesis of polypeptides by bacterial expression of artificial genes
ring-opening polymerization. In the past decades, it has been reported that both the
polymerization ofa- and l)-amino acid N-carboxyanhydrides and the polymerization of
lactams could give rise to polypeptides (Scheme 3).8 However, polymers prepared in this
method do not have a uniformal molecular weight or a specific sequence in contrast
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Scheme 3. Ring-opening polymerization
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to natural proteins. With the discovery of several transition metal initiators, such as
[bpyNi(cod)] (cod = cyc1oocta-l ,5-dienyl, bpy = 2,2'-bipyridyl) and [CO(PMe3)4],9 and
[Sc(N(TMShh] 10, a number of previous drawbacks have been overcome. In particular,
[Sc(N(TMShh] can initiate living polymerization of certain p-Iactams and provide
polymers with high yields and low molecular weight distributions.
Design and synthesis of polymer and oligomers with unnatural backbones that
could adopt predictable conformations has attracted much attention in the past
decades. II b. lIe A variety of natural peptide antibiotics, which have different sizes,
sequences and conformations,12 share the common characters that they are cationic and
usually adopt amphiphilic secondary structures. These peptides adopt facially
amphiphilic conformations, in which positively charged and hydrophobic groups
segregate onto opposite faces of helix, sheet, or tertiary structure. 13 It was believed that
this structure feature is responsible for their ability to kill cells by disrupting phospholipid
membranes. It also has been demonstrated that the activity of this class of peptides
depends on its overall physicochemical properties rather than the precise de~ails of its
structures. 13b l3-Peptides have been demonstrated as the potential antimicrobial
candidates due to their ability to form secondary structures and to their backbone
resistance to protease degradation compared to natural peptides. Further, even though
hydrogen bonds playa key role in stabilizing the secondary structure of natural proteins,
it has been demonstrated that the stable secondary structures are also available without
hydrogen bonds. For example, peptoids, N-alkylatal peptides have been shown to [ann
5
...
helical structures. 14 The reason probably lies in that preferred backbone conformation
around central C(a)-Ccp) bond could stabilize [3-peptide secondary structure. IS
The synthesis and characterization of synthetic analogs of peptides such as p-
peptides and peptoids have received considerable attention in the past decades because of
their abilities to resist protease and mimic a-peptides and their applications in areas
including catalysis, materials, and biomedicines. I•2 Our group has successfully developed
an alternative strategy for the synthesis of poly(P-piptides)/poly(p-peptoides) through
alternating copolymerization of aziridine/N-alkylaziridine and carbon monoxide (Scheme
,4).13 This method does have several advantages. These include high yield, easy control of
C:N-R + co Cobalt catalyst •
R = H, Me, Et, n-Bu, and -H2C-o-0CH3
Scheme 4. Copolymerization of aziridine/N-alkylaziridine and CO
molecular weight, narrow molecular weight distribution and good selectivity. The
reaction mechanism was proposed as below (Scheme 5).13
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Scheme 5. Mechanism of copolymerization of aziridinelN-alkylaziridine and CO
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Result and Discussion
Very recently, it has shown that the facially amphiphilic conformation is not
necessary to achieve high antimicrobial activity.18 The goal of this work is to synthesize
poly(p-peptoid)s with antimicrobial properties. The targets are A type polymers, which
contain cationic and hydrophobic side chains. The synthetic route for these polymers was
proposed (Scheme 6).
f'~~~N~ihYdrOP~ObiC unil Z +
NH3
hydrophilic cationic unit
A
(R =Rt, n-Bu)
>
il
\;N~NHBOC + [:N-R
Scheme 6. Proposed synthesis of A type polymers
Copolymerization of momoner 3 and CO
Our group has previous realized the copolymerization ofN-alkylaziridine and
carbon monoxide, that is the polymer composed of the hydrophobic units in A. However,
the reactions of the aziridines bearing functional N-substituents have never been
explored. Therefore, the copolymerization of monomer 3 and CO need to be investigated
before attempting to prepare A type polymers (Scheme 7). We set out to prepare
8
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Scheme 7. Proposed synthesis of polymer 4
monomer 3. This monomer is used because the aziridine 2 would decompose the
polymerization catalyst by reacting with the catalyst through the primary amine. The
resulting poly(p-peptoids) 4 through polymerization ofCO and monomer 3 can be
converted to the polymer with ammonium side after deprotection. The monomer 3 was
synthesized from N-(2-hydroxyethyl)-I, 3-propanediamine in 3 steps (Scheme 8). After
dropwise addition of N-(2-hydroxyethyl)-I, 3-propanediamine into an aqueous solution
of(48% wt.) HBr at 0 °C, and reflux overnight, 1 was formed almost quantitatively. 1
was then exposed to sodium hydroxide aqueous to give rise to 2 in high yield. Finally, 3
was obtained after protection of the amine group in 2 with BOC20 in CH2Ch at room
H2N~ ./"'.. NH./"'.. 48% HBr aqueous H N NH
............... ............... '-/ ....OH ----=----'--~~ 2 ~ /"".... ~Br' 2HBrreflux ............... ...............
1
1
NaOH aqueous
oOC - RT
oOC - RT
Scheme 8. Preparation of monomer 3
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temperature in 10 hours.
In our previous work, five catalysts with different ligands have been investigated
for the copolymerization ofN-alkylaziridine and CO (Figure 1). It turned out that
catalyst B is the best one among them.
CH3VO
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I COP
CH3~o
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CH3yO
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I ~co
P
o
C
CH3VO
I .",co
co-Co'
I ~co
P
Ph----v0
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Figure 1. Catalysts B, C, D, and E
Both C and E may require initiation process at the beginning of the polymerization. They
also give rise to lactam as byproduct. D was not isolated but used without knowing
exactly the concentration after in situ generation. This is a drawback if polymers with
certain molecular weights are designable because the molecular weight is detemlined by
the monomer to catalyst ratio. Catalyst B has a fast initiation giving little lactam.
Therefore, B was chosen as the catalyst for the copolymerization of CO and monomer 3.
The copolymerization of CO and monomer 3 proceeded smoothly in the presence ofB in
THF at 60 ('IC in 10 hours to give rise to polymer 4 in quantitative yield (Scheme 9). The
I H NMR spectrum matched very we)) with the proposed chemical structure of polymer 4
10
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Scheme 9. Copolymerization of CO and monomer 3
(Figure 2). The proton peaks were assigned according to their chemical shifts. The
molecular weight and polydispersity index (PDI) of polymer 4 were determined by
GPCequipped with a refractive-index detector. At the 3-to-A ratio of20: I, polymer 4 has
the number average molecular weight of 6139 and the polydispersity index is 1.25.
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Figure 2. IH NMR spectrum of polymer 4 in 1,1 ,2,2-tetrachlqroethane-d2 at 120 (1C
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Copolymerization of momoner 3, 7 and CO
It has been reported that a variety of defense peptides, such as the magainins, could
provide a first line of defense against bacterial infections. 17 They have these abilities
because they could adopt amphiphilic conformations. The key is that the activity of this
class of peptides depends on its overall physicochemical properties rather than precise
details of its structures. Polyer 4 has the precursor of hydrophilic side chain (the amine
group after deprotection). Therefore, the next goal is to introduce a hydrophobic group as
side chains along the backbone so that the resulting polymer could adopt amphiphilic
conformation after deproctection. It probably could be realized by the copolymerization
of monomer 3, monomer 5 or 6 and CO because of the hydrophobic properties of
homopolymer 7 or 8 (Figure 3).13 Hence, we could synthesize the
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Figure 3. Structures of monomer 5,6 and polymer 7, 8
amphiphilic polymer by the copolymerization of monomer 3,6 (or 5), and CO. We chose
monomer 6 for initial trial. Monomer 6 can be synthesized from butylamine and
chloroethanol through three steps in high yield (Scheme 10). TIle aminoalcohol 9 can be
easily obtained by refluxing the mixture of butylamine and chloroethanol (the molar ratio
12
of butylamine to chloroethanol is 6: 1) overnight. Then, aminoalcohol 9 was converted
into sulfate 10 after exposure to H2S04 at 0 °C for 1hour, followed by the removal of
~NH2 + ./"... OHCl/ ..............
1. reflux for 10 h,.
2. NaOH
H
~N~OH
9
1H2S04
6
NaOH aqueous H~N~OS03H
10
Scheme 10. Syntheis of monomer 6
water under vacum at 80°C for 40 hours. Finally, monomer 6 was obtained after treating
10 with NaOH aqueous at 0 °C for 4 hours followed by distillation. Polymer 11 was then
successfully synthesized through the copolymerization monomer 3, 6 and CO in the
presence of catalyst B in THF at 60°C (Scheme 11). The IH NMR spectrum of polymer
BoeHN 0 0
\ ~ CH3COCo(COhP(o-toly1h {l(~~+ + co ,.THF, 60°C, 10 h
N N
D D
3 6 NHBoc11
Scheme 11. Copolymerization of monomer 3, 6, and CO
11 is consistent with the proposed structure (Figure 4). GPC measurement was carried
out to detennine the molecular weight and polydispersity index of the polymer 11.
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Figure 4. IH NMR spectrum of polymer 11 in I, I,2,2-tetrachloroethane-d2 at 120°C
At the 3: 6: B ratio of 20:20: I, polymer 11 has a number average molecular weight of
8868 and polydispersity index of 1.19. In addition, React IR has also been used to
monitor the reaction of the homopolymerization of monomer 3 and CO and the
homopolymerization of monomer 6 and CO. The reaction rate of the polymerization of3
and CO is almost identical to that of the polymerization of monomer 6 and CO under
same reaction conditions. Both of the homopolymerizaton reactions are completed in
about 30 minutes. This suggests that polymer 11 has the random distribution of the two
repeating units.
Having realized the synthesis of polymer 11 through the copolymerization
monomer 3, 6 and CO in the presence of catalyst B, our future work be the synthesis of
the target polymer 12, which possesses cationic and hydrophobic side chains. This could
14
be realized by removal of Boc group in polymer 11 with hydrogen chloride in ether
solution (Scheme 12).
o 0
11
Conclusions
o 0
2 M Hel in ether solution
~
ether, RT
NHBoc
12
Scheme 12. Proposed synthesis of polymer 12
Homopolymerization of monomer 3 and CO has been explored with
CH3COCo(CO)3P(0-tolyl)3 as the catalyst. This homopolymerization reaction proceeded
smoothly in nearly quantitative yield. At the 3 to A ratio of 20: 1, polymer 4 has the
number average molecular weight of 6139 and the polydispersity index is 1.25. In
addition, polymer 11, the precursor of the potential antimicrobial poly(P- peptoids), was
synthesized through the copolymerization of monomer 3, 6 and carbon monoxide in the
presence ofCH3COCo(COhP(0-tolyl)3 in THF at 60°C. At the 3: 6: B ratio of20:20:1,
polymer 11 has a number average molecular weight of 8868 and polydispersity index of
1.19. TIlis copolymerization reaction does have some advantages, such as good yield, and
low POI. The structures of the monomers and polymers have been characterized by I H
NMR. TIle molecular weights and polydispersity indices of the polymers were
detennined by GPC with polystyrene as the standard.
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Experimental Section
General
All operations were conducted with Schlenk line and glove-box techniques under a
nitrogen environment, except where carbon monoxide was used as indicated. Solvents,
such as tetrahydrofuran (THF), diethyl ether (Et20), and toluene were dried by refluxing
over sodium in the presence ofbenzophenone and distilled before use. N-alkyl aziridine
was dried over Na/K alloy at room temperature, and was vacum transferred into another
flask for use. Aziridine is highly toxic. All aziridine containers or wastes containing
aziridine were treated with concentrated HCl in order to destroy the residual aziridine.
Other chemicals were purchased from Aldrich or ACROS and used as received.
Spectroscopy and Instrumental Analysis
I H NMR experiments was performed on a Bruker Avance 500-MHZ spectrometer.
Chemical shifts were determined relative to the solvent peaks. GPC analyses of the
molecular weight of the polymer products were performed using polystylene as standards
and CHCh as the solvent as well as eluent.
Synththesis of catalyst A.
1. Preparation of sodium cobalt tetracarbonyl [NaCo(CO)4]
12.0 g ofNaOH, which has been powdered after dried under vacuum at 150 °C for
15 hours, was put into a 250-ml round-bottom Schlenk flask, then 10.17 g of
octacarbonyldicobalt was charged into the flask in glovebox. The flask was connected to
a \'QCU/l111 linc and pumpcd. Aftcr thorough evacuation, the flask was backfillcd with
nitrogcn and cooled with isopropanol/dry-ice bath. TIlen. 150 ml ofTHF was added
16
slowly into the flask and stirred for about half hours. After removing the cool bath, the
flask was warmed to ambient temperature slowly. The reaction mixture was then stirred
overnight. The solvent was removed under vaeum, and 11.4 g ofNaCo(CO) was provided
as white solid; the yield was 97%.
2. Synthesis of catalyst A (acetyltricarbonyltris(o-tolyl)phosphine cobalt)
A 250-ml round-bottom Schlenk flask was charged with 1.94 g ofNaCo(CO)4 and
3.04 g oftris(o-tolyl)phosphine in glovebox. Then, the flask was connected to the vaeum
line and pumped. After thorough evacuation, the flask was backfilled with carbon
monoxide (CO) and cooled down with an ice-bath. 40 ml of diethyl ether was added into
the flask at 0 °C with a syringe. 5 minutes later, 0.64 ml of iodomethane was added into
the flask via a syringe. The reaction mixture was kept stirring at 0 °C for about 3 hours,
then removed the ice-bath. After stirred at room temperature for another 3 hours, most of
the solvent was removed under vaeUI11, then 25 x 2 ml of toluene was added separately
followed by filtration. The solution was stored at - 30°C for one week. After filtration
under CO and vaeU111, 2.0 g of yellow solid was obtained. According to IH NMR, it is a
mixture of catalyst A and tris(o-tolyl)phosphine ( molarratio of A: tris(o-tolyl)phosphine
is 2: I), the yield is 30%.
Synthesis of monomer 3
I. Preparation of 1
550 ml of 48% \\1. HBr in aqueous was added into a I L of three-neck round-
bottom flask. and then cooled down with ice-bath. 25.0 g ofN-(2-hydroxyethyl)-I, 3-
propanediamine was dropwisely added into the flask at 0 "c. After removal of icc-bath.
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the reaction mixture was heated up by oil-bath. The reaction mixture was refluxed for 2
hours, then distilled the water and excess HBr in aqueous. 61.7 g of 1 as white solid was
obtained in 90% yield after washing the resulting solid with acetone. IH NMR (020) 0
3.59 (t, 2H), 3.46 (t, 2H), 3.11 (t, 2H), 2.99 (t, 2H), 2.00 (m, 2H).
2. Preparation of2
60 g of compound 1 was added into a 250 ml of three-neck round-bottom flask, and
cooled down with ice-bath. a solution of60 g ofNaOH in 100 ml of water was slowly
added into the flask. The reaction mixture was stirred at room temperature for 2 hours
and gave rise to two layers. After collection of organic layer and dried over KOH, 13.0 g
of product was afforded after the distillation at 40-50 °C/20mmHg. I H NMR (CDC!)) 0
2.75 (t, 2H), 2.20 (t, 2H), 1.66 (m, 4H), 1.03 (d, 2H).
3. Synthesis of monomer 3
5.0 g of2 was put into a 250 ml of three-neck round-bottom flask followed by the
addition of 80 ml of CH2Ch. The solution was then cooled down with ice-bath. A
solution of 11.0 g of di-tert-butyl dicarbonate (BOC20) in 60 011 of CH2Ch was
dropwisely added into the flask. Then the ice-bath was removed, and the reaction mixture
was stirred at room temperature overnight. 80 ml of 1% NaOH aqueous was slowly
added into the reaction mixture. 2 hours later, after collection of the organic phase, 30 ml
of CH2CI2was used to extract the aqueous for three times. The organic layers were then
combined together, and dried over KOH. A sticky liquid was provided after filtration and
distillation by collecting the fraction of 110 'T/0.2 mmHg. Then 6.0 g of the product as
IS
white solid was obtained after recrystallization from diethyl ether. The yield is 60%. IH
NMR (COC1]) 0 3.20 (dd, 2H), 2.21 (t,2H), 1.69 (m, 4H), 1.40 (s, 9H), 1.04 (dd, 2H).
Synthesis of n-butyl aziridine (monomer 6)
1. Preparation of CH3CH2CH2CH2NHCH2CH20H (9)
483 g of butylamine and 80 g of chloroethanol were added into a 1000 ml round-
bottom flask. The reaction mixture was refluxed overnight. Then, the excess butylamine
was distilled out. 40 g ofNaOH was put into the flask, and the reaction mixture was .
stirred at room temperature for 1hour. After the removal of the CH3CH2CH2CH2NH2,
which was released by NaOH, 75.8 g of product was obtained by the distillation of the
resulting mixture at 40 - 50 °C/l mmHg. The yield is 65%. I H NMR (020) 0 3.58 (t, 2H),
2.67 (t, 2H), 2.54 (t, 2H), 1.41 (m, 2H), 1.28 (m, 2H), 0.84 (t, 3H).
2. Preparation ofCH3CH2CH2CH2NHCH2CH20S03H (10)
38 g of2-butylamfno-ethanol (CH3CH2CH2CH2NHCH2CH20H) was put into a 250
ml of three-neck round-bottom flask, which was charged with 60 ml of water, and cooled
down with ice-bath. 33 g of H2S04 (96.5%) was added into another 100 ml of flask
followed by the addition of 40 ml of water at 0 0c. The acid solution was then slowly
added into the 2-butylamino-ethanol solution at O°c. TIle water was removed under
reduced pressure at 60°C until solid appeared. Absolute ethanol was used to recrystallize
thc product. TI1C second part of the product was given after the ethanol solution was
distilled under reduced pressure at 60°C. A total of46.0 g of SuI furic acid mono-(2-
butylamino-ethyl) ester (CH3CH2CH2CH2NHCH2CH20S03H) was obtained in 70%
19
yield. IH NMR (020) 04.19 (t, 2H), 3.27 (t, 2H), 3.05 (t, 2H), 1.56 (m, 2H), 1.27 (m,
2H), 0.80 (t, 3H).
3. Synthesis of n-butyl aziridine
28 g ofCH3CH2CH2CH2NHCH2CH20S03H and 200 ml of water were added into a
500 ml round-bottom flask. In another 500 ml flask, 30 g ofNaOH and 40 ml of water
were put together and mixed well. The solution ofCH3CH2CH2CH2NHCH2CH20S03H
was then slowly added into the solution ofNaOH in water at 0 °C with stirring. The
reaction mixture was gradually heated up by an oil-bath and the distillate (water and n-
butyl aziridine) was collected in a receiver flask containing KOH at O°C. Oiethyl ether
was then used to extract the product from the water. After combined the ether solution
and dried over KOH, the solvent was removed. The product was then distilled out by
collecting the fraction between 85 and 105°C. Total of II g of n-butyl aziridine was
obtained 80% yield. NaiK alloy was used to thoroughly dry the n-butyl aziridine, which
has been redistilled ana dried over sodium. 1H NMR (COCh) 0 2.10 (t, 2H), 1.63 (dd,
2H), 1.47 (m, 2H), 1.32 (m, 2H), 0.99 (dd, 2H), 0.86 (t, 3H).
Copolymerization of monomer 3 and carbon monoxide
A solution of 0.6 g of monomer 3 in 20 ml oftetrahydrofuran (THF) was
transferred into a 100 ml Parr bomb reactor under a gentle flow of CO (I atm) using a
syringe. A solution of 110 mg of catalyst A (acetyltricarbonyltris(o-tolyl)phosphine
cobalt) in 30 ml ofTHF was then transferred into the reactor with a syringe under CO
flow. The reactor was closed, and the pressure of CO was immediately increased up to
1000 psi. The reactor was magnetically stirred and heated up to 60 "C by using an oil-
20
bath. 10 hours later, the reactor was cooled to room temperature and opened after the CO
pressure was released. 0.7 g of product 4 was then obtained after removing the solvent
and washing with ether. IH NMR (CI2CDCDCh, 120°C) 0 3.59 (2H), 3,37(2H), 3.09
(2H), 2.60 (2H), 1.72 (2H), 1.41(3H).
Copolymerization of monomer 3, 6 and carbon monoxide
A solution of 0.6 g of monomer 3 in 10 ml oftetrahydrofuran (THF) was
transferred into a 100 ml Parr bomb reactor under a gentle flow of CO (l atm) using a
syringe. A solution of 0.3 g of monomer 7 in 10 ml oftetrahydrofuran (THF) was then
transferred into the reactor under CO flow with a syringe. A solution of 110 mg of
catalyst A (acetyltricarbonyltris(o-tolyl)phosphine cobalt) in 30 ml ofTHF was then
transferred into the reactor under CO flow. The reactor was closed, and the pressure of
CO was immediately increased up to 1000 psi. The reactor was magnetically stirred and
heated up to 60°C by using an oil-bath. 20 hours later, the reactor was cooled to room
temperature and opened after the CO pressure was released. 0.9 g of product 11 was then
obtained after removing the solvent and washing with ether. IH NMR (ChCDCDCh, 120
0c) 0 3.59 (4H), 3.38(2H), 3.32(2H), 3.10 (2H), 2.55 (4H), 1.72 (2H), 1.52 (2H), 1.41
(9H), 1.33 (2H), 0.93 (3H).
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